Abstract
application of polypropylene (PP) fibers in asphalt modification and applications of genetic programming in pavement engineering. Second part gives detailed information about experimental design. Expression trees of stability, flow and MQ is given in the next section. In order to obtain the main effects plot, a wide range of parametric study has been performed by using the genetic programming models. The analysis of these results is presented next. Finally, the MATLAB codes for the closed form solutions of stability, flow and MQ are given in the Appendices A, B and C respectively.
2 Literature on PP fiber modification and genetic programming Studies published about various types of fiber modification of asphalt can be found in relevant literature [4, 5] . Tapkı N has found that dry basis PP modification of asphalt changes the behaviour of the mixture in a very positive manner [6] . Tapkı N et al. have also worked on the addition of PP fibers to asphalt on a wet basis, and have shown that the most suitable PP fiber type was multifilament, 3 mm long (M-03 type) [7] . In another study by Tapkı N and Özcan, the optimal PP fiber addition amount was determined by the aid of mechanical and optical means [8] .
There are various but limited number of studies which utilise genetic algorithms and genetic programming techniques in pavement engineering applications. Sundin & Braban-Ledoux have summarized the findings of up-to-date research articles concerning the application of artificial intelligence to pavement management [9] . Chan et al. have tried to solve the problem of pavement maintenance management at the network level using techniques like mathematical programming and heuristic methods such as genetic algorithms [10] . Tack & Chou have described in their studies, the development of a genetic algorithm based optimization tool for determining the optimal multiyear pavement repair schedule [11] . Tsai et al. have demonstrated the applicability of the three-stage Weibull equations that were estimated using a genetic algorithm to describe the fatigue damage process using flexural controlled deformation fatigue tests [12] . Tsai et al. have demonstrated the applicability of the genetic algorithm to solve nonlinear optimization problems encountered in asphalt pavement design [13] . In another study by Alavi et al., a high-precision model was derived to predict the flow number of dense asphalt mixtures using a novel hybrid method coupling genetic programming and simulated annealing [14] .
Experimental design
Marshall specimens (the optimum bitumen content that has been determined as 5%) were fabricated by utilising 50 blows (medium traffic conditions). Base bitumen of 50/70 penetration was modified in the laboratory with M-03 type PP fibers.
Gradation limits for wearing course Type 2 had been utilised all throughout the studies [15] . The aggregate was calcareous type crushed stone. Physical properties of the base and 3‰ PP fiber modified bitumen samples by aggregate weight are given in Table 1 . The physical properties of coarse and fine aggregates are given in Table 2 . The apparent specific gravity of filler is 2790 kg/m 3 . The mixture gradation is being given in Table 3 .
Physical properties of the PP fibers used in the experimental program are given in the relevant literature [4] . PP fibers were premixed with bitumen using a standard mixer at 500 revolutions per minute for two hours. The mixing temperature was around 165-170°C [16] . For the sake of testing reasons, the base bitumen samples were also subjected to same temperature to equalise the oxidative and aging effects PP modification. Three types of PP fibers: M-03(with fiber length of 3 mm), M-09 (with fiber length of 9 mm) and waste fibers were used in this research. For M-03 type fibers, fiber contents of 3, 4.5, and 6‰ by weight of aggregate were premixed with bitumen and were used for preparation of standard Marshall specimens [4] . For M-09 type and waste fibers only 3‰ fiber content was utilized as it was really difficult to mix fibers with greater lengths with bitumen using standard mixers. According to the workability criteria, M-03 type fibers were found to be the best modifiers and, due to the consistency of the Marshall test results, 3‰ fiber content was determined to be the optimal addition amount. With these amounts, PP fibers melt in bitumen and bitumen forms a continuous phase for PP particles which are hung as globules. The physical properties of the PP fiber based bitumen samples with 3‰ fiber content are given in Table 1. Penetration, penetration index, specific gravity and softening point characteristics of PP modified bitumen samples were improved as compared to base bitumen considerably, as depicted in Table 1 . Therefore, the addition of 3‰ of M-03 type fibers clearly shows the decrease in temperature susceptibility of the base bitumen.
To determine the optimum bitumen content, Marshall mix design procedure was utilised. The relevant physical and mechanical test results are summarized in Tables 4 to 9 . The values stated in these tables are the average values for three different specimens. Table 4 represents the Marshall test results of specimens prepared with base bitumen. Tables 5 to 7 present the relevant physical and mechanical test results of specimens fabricated with utilising M-03 type fiber contents of 3‰, 4.5‰ and 6‰ (by weight of aggregate). Tables 8 and 9 present the relevant physical and mechanical test results of specimens with M-09 type fiber at 3‰ contents and waste fibers with fiber content 3‰ (by weight of aggregate).
To determine the optimum bitumen content, the bitumen contents corresponding to the mixtures with maximum stability and unit weight, 4% V a and 70% V f , were found and averaged according to the limits [15] . These optimum bitumen contents are represented in Fig. 1 .
Fig. 1. Optimum bitumen content values
Based on the performed experiments, the optimum bitumen content varies depending on the type and dosage of fibers. However, the optimal PP amount, the type, the homogeneity in the preparation of the Marshall specimens, the ease in the addition of the PP fibers, the ease in the fabrication of the specimens and the fluctuations of the observed physical and mechanical properties are also very important. For example, specimens prepared with higher dosages of M-03 fibers, mixtures made with M-09 and waste fibers resulted in increased values of optimal bitumen contents. M-09 and waste fibers also had very little workability. The addition of these fibers into bitumen is difficult and results in very viscous modified bitumen samples that does not allow the fabrication of stable Marshall specimens. The fluctuations in the stability and flow values and MQ values do support the above mentioned observations. Based on these results, M-03 PP fibers at dosage of 3‰ by the weight of aggregates were selected as optimal PP addition amount. Also, it can be seen that the optimum bitumen contents for reference and specimens with 3‰ of M-03 fibers are 4.81% and 4.97%, respectively (Fig. 1) .
The maximum average stability value of reference mixture was 15620.4 N ( Table 4) . Mixture with 3‰ of M-09 PP fibers had the maximum average stability value of 22008.6 N (Table 8) . However, the Marshall specimens prepared with 3‰ of M-03 PP fibers had 20% increase in the average Marshall stability and according to the workability criteria, chosen as the optimal PP type and addition amount. The PP fiber modification aims to increase the service lives by increasing the stiffness of asphalt specimens. Therefore, the addition of 3‰ of M-03 type fibers clearly shows the decrease in temperature susceptibility of the base bitumen. The noticeable increase of V a values is visualized from Tables 4-9. More air voids values mean better resistance to bleeding problems and formation of rutting especially in hot climates. In dense bituminous mixtures, there is certainly a need for a minimum air void content to avoid binder thermal expansion and subsequent bleeding. However, at the first glance, it might seem as if that increasing the air void content above a certain level would lead to post compaction and subsequent rutting (in the form of compression and not plastic deformation). It is evident that PP fibers increase the Va through the mix in dense bituminous mixtures. This increase is probably caused by the increase in surface area for the aggregate and PP fibers. Since PP fibers behave as filler materials which need to be wetted by the asphalt binder, lower asphalt (effective asphalt) cannot fill the space between the mineral aggregate and produces the increase in air voids [17] . This finding is also supported by the results of Muniandy and Huat [18] . They have shown that the viscosity of fiber reinforced asphalt concrete may be increased by the introduction of fibers to the system. The increase in viscosity can reduce bitumen penetration in the mixture. As V a values increase, the unit weight values in all PP fiber reinforced mixtures decrease [17] . After construction, a dense bituminous pavement has air voids in the range of 8%. It is accepted by the researchers that due to the further trafficking, the pavement will get densified to the design air void content of 3 to 5% after a period of 2 to 3 years. However, during this period, ingress of water into the pavement through the interconnected air voids causes moisture induced damage to the asphalt concrete layers [19] . One way to prevent this distress mechanism is to have impervious mixes that will be densified by traffic to a very small extent and this is achieved by laying dense mixes having air voids of the order of 2 to 3%. However, due to damage mechanisms like rutting and bleeding which come into play at very low air voids content, it necessitates the presence of air voids at least of the order of 8% in a virgin asphalt concrete layer [19] . Moreover the increase in MQ values is very noticeable. Therefore, the PP modification provides a positive contribution to the overall performance of asphalt pavements.
Background on genetic programming (GP)
Genetic algorithm (GA) is an optimization and search technique which is mainly based on the principles of genetics and natural selection. A GA allows a population composed of many individuals to evolve under specified selection rules to a state that maximizes the "fitness" (i.e., minimizes the cost function).
Genetic programming (GP) is an extension to genetic algorithms proposed by Koza [20] . Koza defines GP as a domainindependent problem solving approach in which computer programs are evolved to solve, or approximately solve, problems based on the Darwinian principle of reproduction and survival of the fittest and analogs of naturally occurring genetic operations such as crossover (sexual recombination) and mutation. GP reproduces computer programs to solve problems whose flowchart can be found in the relevant literature [20] .
Brief overview of Gene expression programming (GEP)
Gene expression programming (GEP) software which is used in this study is an extension to GP that evolves computer programs of different sizes and shapes encoded in linear chromosomes of fixed length. The chromosomes are composed of multiple genes, each gene encoding a smaller sub-program. Furthermore, the structural and functional organization of the linear chromosomes allows the unconstrained operation of important genetic operators such as mutation, transposition, and recombination. One strength of the GEP approach is that the creation of genetic diversity is extremely simplified as genetic operators work at the chromosome level. Another strength of GEP consists of its unique, multigenic nature which allows the evolution of more complex programs composed of several sub-programs. As a result GEP surpasses the old GP system in 100 -10,000 times [21] [22] [23] . APS 3.0, a GEP software developed by Candida Ferreira has been utilised in this study [24] .
The fundamental difference between GA, GP and GEP is due to the nature of the individuals: in GAs the individuals are linear strings of fixed length (chromosomes); in GP the individuals are nonlinear entities of different sizes and shapes (parse trees); and in GEP the individuals are encoded as linear strings of fixed length (the genome or chromosomes) which are afterwards expressed as nonlinear entities of different sizes and shapes (i.e., simple diagram representations or expression trees).
Numerical Application
The main focus of this study is to explore an application of genetic programming for modelling and presenting closed form solutions to Marshall design test results for wet based PP fiber modified asphalt mixtures. Therefore an extensive laboratory testing and data analysis phase has been performed throughout the study. The details of the experimental database including the ranges of parameters are given in Table 10 .
Results of GP Formulations
The input variables in the developed genetic programming model use the physical properties of standard Marshall specimens such as PP type, PP percentage, bitumen percentage, specimen height, calculated unit weight, V MA, V f and V a in order to predict the Marshall stability, flow and MQ values. Prior to GP modelling, the experimental results are divided into randomly selected training and testing sets among the experimental database with 80% and 20%, respectively to prevent over fitting. The GP modelling was performed by GeneXpro-Tools 4 [24] . The GP model was constructed with training sets and the accuracy was verified by testing sets which the GP model faces for the first time. Related parameters for the training of the GP models are given in Table 11 . It should be noted that the proposed GP formulation is valid for the ranges of training set given in Table 10 . Statistical parameters of test and training sets of GP formulations are presented in , d1, d2, d3, d4, d5, d6, d7 and d8 correspond to PP type, PP percentage, bitumen percentage, specimen height, calculated unit weight, V MA, V f , V a . The MATLAB codes for the closed form solutions of stability, flow and MQ are given in The Appendices A, B and C respectively.
Parametric studies
The main effects plot is an important graphical tool to visualize the independent impact of each variable utilised in the carried analyses on stability, flow and MQ values. This tool allows the reader to visualise a better and much simpler snapshot of the overall significance of variable effects on the outputs. In the main effects plot, the mean output is plotted at each factor level which is later connected by a straight line. The slope of the line for each variable is the degree of its effect on the output. In order to obtain the main effects plot, a wide range of detailed parametric studies have been performed by utilising the proposed GP model. The main effects plot will also help further researchers willing to perform studies on stability, flow and MQ values for the very well-known Marshall design procedure, without carrying out destructive tests.
Analysis of results
In this part of the study, analyses of the graphs that have been obtained at the end of parametric studies have been given. First of all the results of the stability analyses is stated out.
Stability analyses
The maximum load the specimen will carry before failure is known as the Marshall stability. In Fig. 8 and the rest of the similar figures all throughout the study, y-axis relates to the output values that have been analysed, i.e. stability, flow and MQ. Instead of a detailed analysis of all of the graphs that have been obtained at the end of parametric studies, some of the "very" MS E stands for "mean squared error", MAPE stands for "mean absolute percentage error", COV stands for "coefficient of variation" representative interaction plots besides the main effect plots for stability analyses have been presented. All of the presented graphs are important from pavement engineering point of view and present a perfect notification of material property analysis demonstration in a novel manner. Besides, all throughout the analyses, PolType 0 stands for PP modified specimens' results. In Fig. 9 , as the V f values increase, the stability values also increase. This is due to the nature of PP fiber modification [4] . Here, it has to be mentioned that V f is not an independent value. It is obtained by dividing volume of bitumen into V MA. Therefore, this interesting phenomena comes from these facts. Also as the PP percentage increases, the stability values go along with this increase.
As V MA values go further beyond a level, stability values start to decrease abruptly (please refer to Fig. 10 ). Also the decrease in the PP percentage creates a similar effect.
In Fig. 11 the general snapshot of the parametric study of mean effects stability analysis can be visualized in a compact manner. 
Flow analyses
The amount of deformation of the specimen before failure occurs is known as flow. As we utilise PP modification in this study, it is visualized from Figs. 12-15 mainly that the mean flow values increase in a manner just as the bitumen percentage increases which is expectable form materials science point of view.
As the specimen heights increase, flow values also increase as this phenomenon is being considered in the test methods (please refer to Fig. 12 ). The increase of the PP percentage does not have a considerable effect on flow values as can be clearly seen from the narrow band of results.
The increase in V f values result in the increase of the flow values. The increase of the PP percentage does not have a considerable effect on flow values as can be clearly seen from the narrow band of results (please refer to Fig. 13) .
The increase in V f values result in the increase of the flow values as can be seen in Fig. 14 . As specimen height values increase, the flow values also increase in a similar fashion.
In Fig. 15 , the general snapshot of the parametric study of mean effects flow analysis can be visualized in a compact manner. 
Marshall quotient (MQ) analyses
The ratio of stability to flow is known as the MQ. MQ is a measure of the material's resistance to permanent deformation. From Figs. 16 to 19 , the panorama for the MQ values that have been obtained at the end of parametric studies have been given.
The increase in unit weight values end up with more stiff mixtures as can be seen from the MQ values in Fig. 16 . But it has to be borne in mind that this difference is in a narrow band again. Also, introducing more PP ends up with asphalt specimens having higher MQ values.
A similar argument is valid for V MA values according to the above discussion. Moreover, the increase in V a ends up with stiffer specimens (please refer to Fig. 17) .
When PP addition amount increases, the MQ values also increase. The increase in the specimen heights stands for a very similar argument as can be visualised in Fig. 18 . As the specimen heights increase, MQ values also increase as this phenomenon is being considered in the test methods
In Fig. 19 the general snapshot of the parametric study of mean effects flow analysis can be visualized in a compact manner. 
Conclusions
This paper presents a new and efficient approach for the prediction of mechanical properties such as stability, flow and MQ obtained from Marshall design tests utilizing GP for dense bituminous mixtures used as wearing course in the pavement structure. The increase in the stability values for the PP modification deserves attention. When V a values are concerned, the noticeable increase is visualized from the test data. Moreover the increase in MQ values is also noticeable. This novel approach is very important in the sense that for a specific type of asphalt mixture and maximum aggregate size, the stability, flow and MQ values obtained at the end of Marshall design tests can be estimated without carrying out destructive tests which takes too much time and human effort. Moreover, the PP modification provides a significant contribution to the performance of asphalt pavements which have rutting susceptibility. There are no prior applications of GP to present a closed form solution to the well-known mechanical testing side of Marshall design in the literature in this manner. The results of the proposed GP model are observed to be quite accurate. The GP based models for stability flow and MQ are observed to be very close to actual experimental results. The main outcome of this study is actually to emphasize that GP can be used for modelling of asphalt based The main advantage of GP over traditional regression techniques is that there is no predefined function to be considered for modelling. GP approach creates randomly formed functions and selects the one that best fits the results. On the other hand, the outcomes of the study are very promising as it will open a new era for the accurate and effective explicit formulation of many pavement engineering problems and will provide very good requirements for airfield asphalt applications where Marshall design is related to especially in CEN/EU countries. 
